Structural adhesives are used widely in aerospace and automotive applications. However, fatigue damage in these adhesives is an important factor to be considered in the design of adhesively bonded structural members that are subjected to cyclic loading conditions during their service life. Fatigue life of adhesively bonded joints depends mainly on the fatigue load and the load ratio. A fatigue damage model is presented in this paper to include the effect of fatigue mean stresses on the failure behaviour of adhesively bonded joints. The fatigue damage model is developed using an effective strain-based approach. The model is implemented on a tapered single lap joint configuration and is validated by experimental test results. The adhesive layer in the tapered single lap joint is modelled by using a cohesive zone with a bi-linear traction-separation response. The adverse effect of increasing fatigue mean stresses on the failure behaviour of adhesively bonded joints is successfully predicted.
INTRODUCTION
The driving force behind the usage of advanced structural adhesives in the aerospace and automotive industries is to attain a low cost and light weight design. However, an optimal structural design with more economical safety factors cannot be achieved without a comprehensive understanding of the failure behaviour of these structural adhesives under different service conditions and reliable lifetime predictive models. The design of adhesive joints in an adhesively bonded structure will be governed by different failure criteria such as ultimate strength, fatigue endurance, impact toughness, durability etc [1] . As cyclic loading conditions are common in aerospace and automotive structures, the fatigue behaviour of structural adhesives is important from a design viewpoint [2] .
It is well known that the fatigue failure of structural adhesives depends on the fatigue load as well as the load ratio. These two fatigue loading parameters are related through the fatigue load ratio, R, which is the ratio of minimum to maximum fatigue load. It is necessary to ensure that the adhesively bonded structural members will not fail as a result of accumulated fatigue damage during their expected service life. Generally, at an early design stage, constant amplitude fatigue experimental tests are performed on coupon-level adhesive joints and S-N curves may be obtained for different load ratio, R , values. However, it would be expensive to have fatigue data for all possible R values. Numerical models that are capable of predicting the influence of the R value on the fatigue failure behaviour can help the engineer to design effectively.
In an aircraft, with a large number of composite structures, different structural members will be loaded at different load ratio values [3] . The mean stress effect on fatigue life of metals has 3 been extensively investigated [4] [5] [6] . However, studies on polymer materials for the mean stress effect on fatigue are comparatively few [7] . A number of workers tested a range of adhesively bonded joints with various adhesives under cyclic loading and found that a traditional S-N curve can be used to relate the fatigue life to the applied loads [8] [9] [10] [11] . A fatigue endurance limit was found which often appeared to range between 15% and 35% of the quasi-static strength of the joint for a number of adhesives at room temperature. The mean load effect on the fatigue behaviour has been experimentally investigated and it was found that increasing the mean load has a deleterious effect on the fatigue life for a fixed fatigue load range [12] . Similarly, Underhill and DeQuesnay performed fatigue tests on adhesive joints (Al 2024-T3 substrates and FM73 adhesive) and found that fatigue life decreases as mean load increases for a fixed fatigue load range. Further, they observed no frequency dependent effects on fatigue life in the 10 to 60 Hz range [13] . Hysteric heating was probably conducted away through the substrates and at these frequencies any creep effect will be minimised.
In this paper, a numerical model that accounts for the mean stress effect is developed to predict the fatigue behaviour of adhesively bonded joints. An effective strain-based fatigue damage parameter is used for the adhesive material. The fatigue model is validated by experimental test data reported in [12] .
MEAN STRESS EFFECT
Structural members subjected to in-service cyclic loads exhibit a fatigue behaviour that generally depends on the mean stress values. For a given fatigue load range a tensile mean normal stress has a detrimental effect on fatigue strength, whereas, in general, a compressive 4 mean normal stress has a beneficial effect [14] . The problem of the mean stress effect on fatigue life has been approached practically by developing empirical relationships. For metals and alloys, various criteria have been proposed to deal with the mean stress effect on fatigue life, such as Soderberg, Goodman and Gerber diagrams. The alternating stress amplitude, a  (half the stress range), versus the mean stress, m  , diagrams are used for the three criteria as shown in Fig.1 . The lines on this figure refer to combinations of alternating and mean stresses that have the same fatigue lives or endurance limit. Note that as the mean stress increases the alternating stress that has the same life drops, as expected. The limiting maximum mean stress is chosen as either ultimate strength, Soderberg criteria:
Goodman criteria:
Gerber criteria:
The curves are determined experimentally by obtaining a series of S-N curves for different load ratio values (varying the load ratio will result in varying the ratio of the mean to alternating stress components). In this paper, the Goodman criterion is adopted to predict the fatigue failure behaviour of adhesively bonded joints as the experimental work [12] indicated this was appropriate.
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FATIGUE DAMAGE MODEL
The total fatigue life of adhesively bonded joints can be divided into two parts: a damage initiation phase (including coalescence) and a damage propagation phase. The contribution of the damage initiation phase to the total fatigue life increases with reduced fatigue stress levels. As fracture mechanics based numerical approaches cannot be used to model the damage initiation and the damage propagation together, a damage mechanics approach is employed to model the fatigue damage in adhesive joints.
The fatigue damage accumulation at any given material point is assumed to occur as a result of increasing local strain with the number of fatigue cycles. By relating this increase in the local strain to a damage parameter, an effective strain-based fatigue damage model is developed. This is explained in Fig.2 . If an adhesive joint is subjected to a sinusoidal constant-amplitude fatigue loading as shown in Fig.2a 
By considering a two parameter exponential form [15] [16] , the cyclic damage rate is modelled as: , can be related to the maximum fatigue stress at C, which is ã  , by the correction factor  as in Eq.6 .
Further, by substituting 
In Eq.7 the correction factor  , which is a function of max  and R, is,
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It can be seen from Eq.8 that the value of the correction factor,  , varies from 0 to 1 as the load ratio varies from 1 to -1. Further, the correction factor given in Eq.8 is employed for the current fatigue model and the results are discussed in Section.6.
EXPERIMENTAL TESTS
The fatigue tests performed by Crocombe and Richardson [12] on a tapered single lap joint (TSLJ) configuration for different load ratio values revealed that for a given stress range increasing the mean stress has a deleterious effect on the fatigue life. The experimental fatigue data that was reported in [12] has been used to validate the fatigue damage model presented in the current paper.
The adhesive used in the study was AV119, a hot cure, rubber toughened epoxy, from
Huntsman Ltd, Duxford, UK. The substrate material was steel. Material tests were carried out on the substrate material and values for yield and ultimate stresses were found to be 500 and 650 MPa, respectively. The average quasi-static joint failure load was observed to be 13.7kN.
Full failure fatigue tests were carried out at three different load ratios ( R = 0.1, 0.5 and 0.75).
Fatigue damage initiated in the adhesive fillet near the free end of the full thickness substrate and travelled across the adhesive layer and then adjacent to the loaded substrate interface.
FINITE ELEMENT MODELLING
The cohesive zone model (CZM) has been employed for a wide variety of problems and materials including metals, ceramics, polymers and composites. The CZM was developed in a continuum damage mechanics framework and made use of fracture mechanics concepts to 8 improve its applicability. The CZM was originally introduced by Barenblatt [17] based on the Griffith's theory of fracture and Dugdale [18] extended the approach to perfectly plastic materials. Other researchers [19] [20] [21] then extended the CZM model by proposing various traction-separation functions and applying it to different problems.
The current fatigue damage model is implemented using cohesive zone elements in 5 ) is assumed in the current model -though different response curves (e.g. trapezoid) are often employed to model cohesive zones [20] .
The area of the triangle represents the fracture energy (  ) of the adhesive. Further, a mixedmode analysis can be performed by defining traction-separation responses for peel and shear.
The boundary conditions and the finite element types assigned to the TSLJ are shown in Fig.6 . The left-side boundary is fixed, and the vertical deflection and the rotation at the rightside boundary are constrained by kinematically coupling the nodes. The substrate material is modelled with plane-strain elements (CE4). As a sweep mesh is required to define the peel direction for the cohesive zone in Abaqus, the fillet region is divided into a cohesive and a fracture-free zone as shown in Fig.6 . A material and geometrical non-linear analysis is 9 performed. The cohesive zone element size is between 0.165mm x 0.165mm and 0.2mm x 0.165.
RESULTS AND DISCUSSIONS
The cohesive zone model is implemented to predict the static strength and the fatigue failure behaviour of the TSLJ. The static response of the TSLJ is validated and the cohesive zone parameters are determined using the experimental test data.
The static failure analysis
A non-linear static analysis is performed for the TSLJ using the cohesive zone elements. A mixed-mode damage criterion available in Abaqus/Standard, the Benzeggagh-Kenane law [22] , is used in the analysis to include the effect of mode-mixity on the static failure behaviour. In order to use a traction-separation response, the fracture energies, ( A series of static failure analyses are conducted for different tripping traction values and the static failure loads are predicted. This is shown in Fig.7 . The interaction of the tripping traction value on the static failure load divided the tripping traction range into three regions (zone A, B and C), as mentioned in Liljedahl et al. [26] . The three zones A, B and C in Fig.7 represent the effect of tripping traction on the static failure strength for a fixed fracture energy value. The size of the fracture process zone depends on the tripping traction and the fracture energy values. However, for a given fracture energy, the size of the process zone will be decreased with increasing tripping traction values and vice versa. In a finite element model, if the size of the process zone is less than the length of the cohesive elements used to model the adhesive layer, i.e. Zone C, the solution will be highly mesh-dependent. Moreover, if the tripping traction value is very low, i.e. Zone A, a large process zone will exist in the modelthese two scenarios should generally be avoided. In the zone A and zone C (see Fig.7 ), the failure load is more dependent on the tripping traction. However, the failure load is found to be less dependent on the tripping traction values in the zone B. Zone C involves a discontinuous process zone which is a result of insufficient mesh size and should be avoided.
As the average static failure load obtained from the experimental tests was 13. 
The fatigue failure analysis
A fatigue failure analysis is performed on the TSLJ using the damage equation (Eq.5 and 8) as the damage at a point increases from 0 to 1. By applying the maximum fatigue load max P (see Fig.2a ), the initial stresses in the adhesive are predicted. Further, the solution-dependent field variable is calculated using the user-subroutine USDFLD at every increment and the cohesive material properties are degraded and updated for the next increment.
A parametric study is conducted to predict the fatigue failure life of the TSLJ for different damage parameters
in Eq.5 for the load ratio Fig.8 . The von Mises stress distribution indicates that stress concentrations exist near the fillet regions, with the fillet adjacent to the stiffer unloaded substrate being critical to initiate fatigue damage (see Fig.8a , after 100 fatigue cycles). After damage has initiated near the embedded substrate corner, the predicted fatigue crack propagated from both the fillets into the middle of the joint as shown in Fig.8b and 8c after 65,000 cycles and 106,000 cycles. The predicted fatigue life is 106,000 cycles for R=0.1 and
.27 (the data point encircled in Fig.11 ).
The variation of the damage variable (SDEG in Abaqus/Standard) with the overlap length at different fatigue cycles is shown in Fig.9 . The transition from SDEG=0 to SDEG=1 in the plots represent the length of the cohesive process zone. The variation of the slope of the transition region with the number of fatigue cycles indicates that the length of the process zone increases as the crack tip moves towards the middle of the joint. This causes a sudden failure of the joint after a certain crack length as the maximum applied fatigue load can no longer be sustained. Further, contour plots of the damage distribution in the TSLJ is shown in Fig.10 after N=100, N=65,000 and N=106,000 cycles. This process is repeated at three other load levels and the excellent fit to the experimental fatigue life data can be seen in Fig 11. These same damage parameters, 2 , 16 ( , are then employed to predict the fatigue failure behaviour of the TSLJ at different load ratios and load levels. Three load levels for R=0.5 and two load levels for R=0.75, corresponding to the experimental data [12] , are analysed and the S-N curves (the normalised load range versus fatigue cycles) are predicted.
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The predicted results are then compared with the experimental test data and are found to be in good agreement as shown in Fig.11 , thus validating the calibrated fatigue damage parameters.
CONCLUSIONS
A fatigue damage model is developed to include the effect of mean stresses on the fatigue life predictions in adhesively bonded joints. An effective strain-based damage parameter is used to degrade the adhesive material under cyclic stresses. The damage parameter is a function of four fatigue variables: the maximum principal strain, fatigue cycles, fatigue threshold strain and the load ratio. The Goodman empirical relationship is employed to define a correction function to calculate an effective fatigue strain and to predict the fatigue damage in the adhesive material. A tapered single lap joint configuration (steel substrates and AV119 adhesive [12] ) is used to validate the fatigue damage model. A cohesive zone approach is 
